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摘  要 
I 
摘  要 
由于过饱和掺杂的硅基杂质中间带材料在中间带太阳电池和红外探测器等
领域具有良好的应用前景，近年来受到了各国科研工作者的广泛关注和研究。本
文首次选用Ni作为掺杂元素，从理论和实验两方面对Ni掺杂过饱和单晶Si材料形
成中间带的可行性进行了探索。理论方面，基于密度泛函理论(DFT)对Ni掺杂体
Si的形成能、电子结构和光学性质进行了第一性原理计算。实验方面，采用溅射
镀膜结合连续线形激光扫描的方法成功制备了Ni掺杂过饱和单晶Si材料；并对Ni
掺杂过饱和单晶Si材料的结晶特性与光电特性进行了表征与分析。本文所开展的
研究工作及主要研究结果如下: 
1. 基于第一性原理计算研究了 Ni 间隙和替位掺杂体 Si 后的结构稳定性、电
子结构与光学性质。结论如下:(1) Ni 以间隙位的形式存在于 Si 的晶格中最稳定。
(2) 间隙位 Ni 掺杂体 Si 后在导带底(CBM)下方几十电子毫伏的位置出现了一个
独立的、空的能带。这个能带在能量上与导带底有很大的交叠，故也可看做导带
底。将这个能带看做导带底后，材料为直接带隙半导体，禁带变窄，禁带宽度约
为体硅的 0.85 倍，价带顶（VBM）的态密度有显著增大。(3)替代位 Ni 掺杂体
Si 后在 Si 的禁带中引入一个独立的、半满中间带(IB)。这个中间带主要来自 Ni-d
和 Si-p 态电子的贡献，位于导带下方几百电子毫伏的位置。掺杂后的材料禁带
变宽，禁带宽度约为体 Si 的 1.2 倍，VBM 和 CBM 对应的高对称点位置都有所
变化。由于形成了半满中间带，Ni 替代掺杂体 Si 后所得材料在低温时的电导率
将具有―类金属性‖；在近红外波段内的子带光吸收都有显著增加。(4)虽然间隙
Ni 掺杂 Si 无法单独形成杂质中间带；但当其与替代位 Ni 共同掺杂 Si 时，杂质
中间带有贡献。 
2. 采用磁控溅射和连续线形激光（Nd:YAG）诱导掺杂的方法制备得到了
Ni 掺杂过饱和单晶 Si 材料。优化得到了一组制备样品的最佳工艺参数为:(1)Ni
薄膜的厚度设置为 80 nm；(2)加热台的温度设置为 250℃；(3)连续线形激光器的
输出功率设置为 200 W；(4)二维加热台移动的速度设置为 2 mm/s；(5)激光扫描
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次数为 6 次。在此工艺参数条件下制备得到的 Ni 掺杂过饱和单晶 Si 材料的过饱
和层，在距离表面 35 nm 区域厚度内，Ni 原子的浓度超过了 Mott 浓度 5.9×1019 
cm
-3。 
3. 对 Ni 掺杂过饱和单晶 Si 材料的结晶特性进行了表征，并研究了激光扫描
次数对样品结晶性的影响。激光扫描次数小于 6 次时对结晶性影响很小；大于 6
次后在 p-Si:Ni 样品中在距离表面几十纳米区域内开始形成团簇颗粒，当扫描次
数达到 11 次时团簇颗粒的直径尺寸达到几个纳米数量级；Ni 过饱和掺杂层主要
包含 Ni、O、Si 三种元素。激光扫描次数为 16 次时，样品结晶特性明显变差。 
4. 对 Ni 掺杂过饱和单晶 Si 表面 Ni 掺杂层的载流子浓度进行了表征，并研
究了激光扫描次数对表面 Ni 掺杂层载流子浓度的影响。激光扫描镀有 Ni 薄膜的
晶 Si 样品会使 p-Si:Ni 样品表面区域的载流子浓度发生显著改变；随着激光扫描
次数的不同载流子的导电类型和浓度也有不同。随着激光扫描次数的增加，表面
掺杂层的载流子类型及浓度依次经历了从 p→p+→n+→p+的变化过程。 
5. 对 Ni 掺杂过饱和单晶 Si 材料的电学特性进行了表征。在 80~300 K 温度
区间内 p-Si:Ni 样品的载流子浓度出现了一个极值，预示着 p-Si:Ni 样品中可能至
少有两个能带参与导电，这两个能带中可能包含了杂质带。采用双能带导电模型
对载流子浓度的温度相关性进行拟合与分析。同时，室温(300K)少子寿命测试表
明 p-Si:Ni 样品的平均少子寿命约为 42 µs，较未掺杂的 p-Si 衬底(平均少子寿命
约 5 µs)有显著提高。 
6. 对Ni掺杂过饱和单晶Si材料在室温下的光学特性和光电响应进行了表征。
光学测试结果表明，在波长大于 1200 nm 光波的光照下，p-Si:Ni 样品近红外光
的吸收显著增强；表面光伏谱（SPVS）测试与外量子效率（EQE）测试也均出
现了明显的光电响应，这些结果同时说明在 p-Si:Ni 材料的能带结构中可能形成
了杂质中间带。 
 
关键词: 连续激光诱导；中间带； Ni 掺杂；过饱和单晶 Si；第一性原理 
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Abstract 
In recent years, the supersaturated Si-based materials have been widely 
investigated due to its good application prospects in the fields of solar cells and 
infrared detectors. In this thesis, the formation feasibility of a Si-based intermediate 
band (IB) material through continuous-wave laser induced supersaturated Ni-doping 
has been explored for the first time in both theoretical and experimental aspects. 
First-principles calculations based on the density-functional theory have been carried 
out to study the formation energy, the electronic structure, and the optical property of 
the Ni-doped bulk Si with different structures. The Ni supersaturated Si samples have 
been successfully prepared using a simple method, which combined magnetron 
sputtering with continuous-wave laser scanning. The crystalinity and the 
optoelectronic properties have been characterized and analyzed to verify the 
formation of a Ni-related intermediate band. The main conclusions of this work are 
summarized as follows: 
1. The results of first-principles calculations indicate that: (1) Interstitial Ni is 
more stable than substitutional Ni when Ni existed in bulk Si as a single dopant atom. 
(2) Interstitial Ni doping in bulk Si introduced a separate and empty band at about 
dozens of meV below the conduction band. This empty band mainly consisted of 
Si-2p orbital electrons, and overlapped with conduction band in the energy 
distribution, so this band can be considered as the conduction band minimum (CBM). 
In this case, the interstitial Ni doped Si became a direct-band semiconductor with a 
smaller bandgap，which is about 0.85 times as large as that of bulk Si, and the density 
of states around the valance band maximum (VBM) increased a lot. (3) Substitutional 
Ni doping in bulk Si introduced a separate and half-full IB, which was mainly 
contributed by Ni-3d and Si-2p orbital electrons and located at about several tenths of 
eV below the conduction band. The bandgap between CBM and VBM is about 1.2 
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times as large as that of Si, and the locations of high symmetry points corresponding 
to the VBM and CBM have been changed. Due to the half-full of IB, the 
substitutional Ni doped Si would exhibit a ―metal-like‖ electronic property in the low 
temperature and strong sub-band absorption optical property in the near-infrared light 
area. (4) Although interstitial Ni doping in bulk Si cannot independently introduce a 
separate and half-full IB, when it co-dopes with substitutional Ni in bulk Si, it would 
contribute to the IB. 
2. The Ni supersaturated p-type Si samples have been prepared successfully 
using a method of magnetron sputtering and continuous-wave laser scanning. 
Moreover, a group of optimized process parameters was obtained as follows: (1) The 
depth of the Ni film was 80 nm; (2) The temperature of the heating unit was 250℃；(3) 
The output power of the laser was 200 W；(4) The velocity of the heating unit was 2 
mm/s；(5) The times of Laser scanning were 6. Using this group of process parameters, 
the Ni concentration in the surface layer exceeded the Mott limit of 5.9×10
19
 cm
-3
 
within a thickness of about 35 nm. 
3. The crystalinity of the Ni supersaturated Si has been characterized and its 
dependence on the times of laser scanning has been discussed as well. When laser 
scanning times were less than 6, it affected little on the lattice structure. When 
scanning times were more than 6, some particle clusters started to form in the 
Ni-doped layer, and then grew up with the increase of scanning times. The Ni-doped 
layer mainly consisted of Si, Ni and O. When scanning times were more than 16, the 
lattice structure would change a lot. 
4. The carrier concentration of the Ni doped layer has been characterized and its 
dependence on the laser scanning times has been discussed as well. Laser scanning 
process could significantly change the carrier concentration of the surface layer of the 
Ni-doped Si, and the conduction type and the concentration of the carrier were 
dependent on the laser scanning times. As the laser scanning times increased from 1 to 
16, the conduction type and the concentration of the carrier experienced a change of 
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p→p+→n+→p+. 
5. The electronic properties of the Ni supersaturated Si have been characterized. 
Between 80 and 300 K, the carrier concentration of the Ni supersaturated Si showed 
an extreme value, which indicated that there may exist an impurity IB contributing to 
the measured carrier concentration in addition to the conduction band. A two-band 
model has been used to interpret the temperature-dependent carrier concentration. 
Moreover, the location and the concentration of the impurity level were obtained 
through numerical fitting. A measurement of lifetime was carried out at RT, which 
showed that the average lifetime of the Ni supersaturated Si sample was about 42 µs. 
The average lifetime of the Ni supersaturated Si increased significantly compared to 
the undoped p-Si substrate (the average lifetime was about 5 µs).  
6. The room-temperature (RT) optical and optoelectronic properties of the Ni 
supersaturated Si have been characterized. Beyond 1200 nm, the Ni supersaturated Si 
exhibited a significant increase of the optical absorption. Furthermore, both the 
surface photovoltaic spectra (SPVS) and external quantum efficiency (EQE) 
measurements presented apparent subband gap optoelectronic response, which 
substantiated the formation of an IB in the energy band of the Ni supersaturated Si 
sample.   
 
Keywords: Continuous-wave laser scanning; Intermediate band; Ni doping; 
Supersaturated Si; First-principles caculations 
 厦
门
大
学
博
硕
士
论
文
摘
要
库
目  录 
VI 
目  录 
第一章 绪论 .............................................................................................. 1 
1.1引言.................................................................................................................. 1 
1.2 关于中间带的概述 ........................................................................................ 1 
1.2.1 何谓中间带 .......................................................................................... 2 
1.2.2 研究硅基杂质带材料的意义 .............................................................. 2 
1.3 硅基杂质带材料的研究历史 ........................................................................ 3 
1.3.1 杂质带太阳电池理论的发展 ............................................................... 3 
1.3.2 硅基杂质带材料的实验发展 ............................................................... 4 
1.4 晶体 Si中杂质中间带的形成与绝缘-金属转变 .......................................... 6 
1.4.1 Mott 转变发生的条件[31, 32] ................................................................. 7 
1.4.2 电子气屏蔽作用与 Mott 极限浓度[5, 32] ............................................. 7 
1.4.3 高浓度掺杂对 SRH 无辐射复合的抑制作用 .................................... 9 
1.5 硅基杂质带材料的研究现状 ...................................................................... 12 
1.5.1 硅基杂质带材料的工艺实现 ............................................................. 12 
1.5.2 硅基杂质带材料的杂质选择 ............................................................. 13 
1.5.3 过渡金属掺杂的过饱和单晶 Si 材料的研究进展 ........................... 14 
1.6 本文研究的目的与意义 .............................................................................. 15 
1.7本文的结构安排与内容提要 ....................................................................... 16 
参考文献 ............................................................................................................. 17 
第二章 Ni掺杂晶体 Si的第一性原理计算 ..........................................23 
2.1引言................................................................................................................ 23 
2.2 DFT 与 VASP软件包介绍........................................................................... 24 
2.2.1 DFT 简介 ............................................................................................ 24 
2.2.2 Hohenberg-Kohn 定理与 Kohn_Sham 方程 ...................................... 25 
厦
门
大
学
博
硕
士
论
文
摘
要
库
连续激光诱导 Ni 掺杂过饱和单晶 Si 材料的探索 
VII 
2.2.3 VASP 程序包介绍 .............................................................................. 26 
2.3结构模型与计算参数设置 ........................................................................... 27 
2.3.1 Ni 掺杂晶体 Si 的结构模型[21] .......................................................... 27 
2.3.2 计算参数设置 .................................................................................... 29 
2.4计算结果与讨论 ........................................................................................... 29 
2.4.1 优化后的结构与形成能 .................................................................... 29 
2.4.2 电子结构 ............................................................................................ 32 
2.4.3 光学特性 ............................................................................................ 39 
2.4.4 计算结果小结 .................................................................................... 41 
2.5 本章小结 ...................................................................................................... 42 
参考文献 ............................................................................................................. 44 
第三章 连续激光诱导 Ni掺杂过饱和单晶 Si的制备及检测 ............47 
3.1引言................................................................................................................ 47 
3.2 Ni掺杂过饱和单晶 Si 样品的制备 ............................................................. 48 
3.2.1 制备样品的主要实验设备 ................................................................ 49 
3.2.2 Ni 掺杂过饱和单晶 Si 样品的制备过程 .......................................... 52 
3.3 样品检测方法与仪器介绍 .......................................................................... 53 
3.4 样品制备工艺参数优化的考量 .................................................................. 57 
3.4.1 激光器输出功率大小与激光扫描速度 ............................................ 57 
3.4.2 其它工艺参数的设定 ......................................................................... 62 
3.5 本章小结 ...................................................................................................... 64 
参考文献 ............................................................................................................. 64 
第四章 Ni掺杂过饱和单晶 Si材料的结晶特性表征..........................67 
4.1引言................................................................................................................ 67 
4.2实验与测试结果 ........................................................................................... 67 
4.2.1 SIMS 与 ECV 测试的结果 ................................................................ 68 
4.2.2 XTEM 与拉曼测试结果 .................................................................... 74 
4.3 讨论一:激光扫描及 Ni 掺杂对样品结晶特性的影响 ............................... 83 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目  录 
VIII 
4.4 讨论二:激光诱导作用下 Si:Ni层的形成过程 .......................................... 85 
4.4.1 Ni 在 Si 中的扩散[28-33]、沉淀[34-37]与吸杂[20, 38, 39] .......................... 85 
4.4.2 激光扫描处理下 Si:Ni 层的形成机理 .............................................. 86 
4.5 讨论三: 制备 p-Si:Ni 样品的最佳激光扫描次数 ..................................... 87 
4.6 本章小结 ...................................................................................................... 87 
参考文献 ............................................................................................................. 88 
第五章 激光诱导 Ni掺杂过饱和单晶 Si材料的光电特性表征 ........94 
5.1 室温下材料的光学特性表征 ...................................................................... 94 
5.2 材料的电学特性表征 .................................................................................. 98 
5.2.1 变温霍尔测试 ..................................................................................... 98 
5.2.2 少子寿命测试 ................................................................................... 106 
5.3 室温下材料的表面光伏谱测试 ................................................................ 107 
5.3.1 表面光伏测试原理与设备简介 ....................................................... 108 
5.3.2 表面光伏测试的结果及分析 .......................................................... 110 
5.4. 讨论：Ni 过饱和掺杂 Si 层的能带结构 ................................................. 114 
5.5. 本章小结 ................................................................................................... 117 
参考文献 ........................................................................................................... 118 
第六章 总结与展望 ..............................................................................121 
6.1 总结............................................................................................................. 121 
6.2 展望............................................................................................................. 124 
附录  攻读博士学位期间获得成果 ....................................................125 
 厦
门
大
学
博
硕
士
论
文
摘
要
库
CONTENTS 
IX 
CONTENTS 
Chapter 1. Introduction ............................................................................ 1 
1.1 Introduction .................................................................................................... 1 
1.2 Overview of the intermediate band .............................................................. 1 
1.2.1 What is the the intermediate band ......................................................... 2 
1.2.2 Significance of Si-based impurity band study ...................................... 2 
1.3 The study history of Si-based impurity band materials ............................. 3 
1.3.1 Development of the theory of impurity band solar cells ....................... 3 
1.3.2 Experimental development of the Si-based impurity band materials ... 4 
1.4 Formation of the impurity band in Si and the insulator-metal transition 6 
1.4.1 Conditions required for Mott transition
 [31, 32]
 ....................................... 7 
1.4.2 Electron gas shielding and Mott limit concentration 
[5, 32]
 .................... 7 
1.4.3 Superhigh concentration doping to suppress SRH non-radiative 
recombination ................................................................................................ 9 
1.5 Progress in the silicon impurity band materials ....................................... 12 
1.5.1 Preparation process of silicon impurity band materials ...................... 12 
1.5.2 Impurity selection of impurity band materials .................................... 13 
1.5.3 Progress in transition metal-doped supersaturated crystalline Si 
materials ....................................................................................................... 14 
1.6 Purpose and significance of this thesis .......................................................... 15 
1.7 Structural arrangements and executive summary of this thesis ..................... 16 
References ........................................................................................................... 17 
Chapter 2 First-principles calculations of Ni-doped monocrystalline 
bulk Si ......................................................................................................23 
2.1 Introduction .................................................................................................. 23 
2.2 Introduction of DFT and VASP package.................................................... 24 
2.2.1 Introduction of DFT ............................................................................ 24 
2.2.2 Hohenberg-Kohn theorem and Kohn_Sham equation ........................ 25 
2.2.3 Introduction of VASP VASP package ................................................. 26 
2.3 Structure model and setting of calculation parameters ........................... 27 
2.3.1 Structural model of Ni-doped crystalline Si ....................................... 27 
厦
门
大
学
博
硕
士
论
文
摘
要
库
连续激光诱导 Ni 掺杂过饱和单晶 Si 材料的探索 
X 
2.3.2 Setting of calculation parameter ......................................................... 29 
2.4 Results and discussion ................................................................................. 29 
2.4.1 Optimized structure and formation energy ......................................... 29 
2.4.2 Electronic structure ............................................................................. 32 
2.4.3 Optical properties ................................................................................ 39 
2.4.4 Summary ............................................................................................. 41 
2.5 Chapter summary ........................................................................................ 42 
References ........................................................................................................... 44 
Chapter 3. Preparation and measurments of the Ni supersaturated Si
 ...................................................................................................................47 
3.1 Introduction .................................................................................................. 47 
3.2 Preparation of Ni supersaturated Si samples ............................................ 48 
3.2.1 Main laboratory equipments for sample preparation .......................... 49 
3.2.2 Preparation of Ni supersaturated Si samples ...................................... 52 
3.3 Sample testing methods and instruments introduction ............................ 53 
3.4 Considerations for the parameter optimization ........................................ 57 
3.4.1 The laser output power and laser scanning speed ............................... 57 
3.4.2 Setting of other process parameters .................................................... 62 
3.5 Chapter summary ........................................................................................ 64 
References ........................................................................................................... 64 
Chapter 4. Monocrystalline characterization of Ni supersaturated Si 
material ....................................................................................................67 
4.1 Introduction .................................................................................................. 67 
4.2 Experiment and test results ......................................................................... 67 
4.2.1 SIMS and ECV test results.................................................................. 68 
4.2.2 XTEM and Raman test results ............................................................ 74 
4.3 Discussion 1: laser scanning effect on the crystallinity of Ni-doped 
samples ................................................................................................................ 83 
4.4 Discussion 2: formation mechanism of Ni-doped layer under laser 
scanning .............................................................................................................. 85 
4.4.1 Diffusion
 [28-33]、precipitation [34-37]and gettering[20, 38, 39] of Ni in Si 85 
4.4.2 Formation mechanism of the Si:Ni layer under laser scanning .......... 86  
4.5 Discuss 3: Selection of the optimal laser scanning times .......................... 87 
4.6 Chapter summary ........................................................................................ 87 
厦
门
大
学
博
硕
士
论
文
摘
要
库
CONTENTS 
XI 
References ........................................................................................................... 88 
Chapter. 5 Photoelectric characterization of Ni supersaturated Si 
material ....................................................................................................94 
5.1 Optical property characterization at room temperature ......................... 94 
5.2 Electrical property characterization .......................................................... 98 
5.2.1 Variable temperature Hall measurements ........................................... 98 
5.2.2 Minority carrier lifetime test ............................................................. 106 
5.3 Surface photovoltaic spectroscopy test at room temperature ................ 107 
5.3.1 Principle and equipments of surface photovoltaic measurment ....... 108 
5.3.2 Results and analysis of surface photovoltaic measurment ................ 110 
5.4. Discussion: the band structure of the Ni supersaturated Si .................. 114 
5.5. Chapter summary ..................................................................................... 117 
References ......................................................................................................... 118 
Chapter. 6 Summary and prospect ......................................................121 
6.1 Summary ..................................................................................................... 121 
6.2 Prospect ....................................................................................................... 124 
APPENDIX ............................................................................................125 
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
 
Degree papers are in the “Xiamen University Electronic Theses and 
Dissertations Database”.  
Fulltexts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on 
http://etd.calis.edu.cn/ and submit requests online, or consult the interlibrary 
loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn 
for delivery details. 
厦
门
大
学
博
硕
士
论
文
摘
要
库
